Th e interactive infl uence of climate and management factors on soybean [Glycine max (L.) Merr.] yield potential has not been investigated in subtropical production environments. Such information can help fi ne tune current soybean management practices to increase yield and resource-use effi ciency and to minimize risk. Th e objective of this study was to identify key biophysical and management factors governing variation in soybean yield potential in southern Brazil. To accomplish that objective, we used a large database on soybean yield and phenology collected from a combination of on-farm and research-station experiments conducted during four crop growing seasons (2011)(2012)(2013)(2014)(2015) in Rio Grande do Sul (southern Brazil). Th e database portrayed a wide range of weather conditions, soil types, water regimes, sowing dates, and cultivar maturity groups (MGs). Water supply and photothermal quotient explained most of yield variation across site-years. A boundary function was derived for the relationship between soybean yield and water supply, and an attainable water productivity of 9.1 kg grain ha -1 mm -1 . A seasonal water supply of ?800 mm appeared suffi cient to maximize seed yield, and most late-sown crops fell short of this value. Late-sown crops were also exposed to a lower photothermal quotient during reproductive stages, and this explained the yield penalty of 26 kg ha -1 d -1 of sowing delay aft er 4 November observed for non-water-limited crops. Sowing date, accompanied by proper selection of cultivar MG and determination of soil water status at sowing time, appear to be the most cost-eff ective management practices to ensure a high photothermal quotient and low risk of water defi cit during reproductive stages and, therefore, a high yield potential in the subtropical environment of southern Brazil.
B
razil accounts for 28% of global soybean production, producing 70 Tg of this crop annually (FAO, 2015) . Th e average soybean yield in Brazil has increased over time, from 1.5 Mg ha -1 (1976) (1977) (1978) (1979) (1980) (1981) to 2.9 Mg ha -1 (2010-2014) (Instituto Brasileiro de Geografi a e Estatística, 2015). Rio Grande do Sul (RS) is located in southern Brazil and ranks third among soybean-producing states, producing 17% of the total soybean production in Brazil, with an average yield of 2.5 Mg ha -1 (Instituto Brasileiro de Geografi a e Estatística, 2015) . Expansion of the soybean area in RS in recent years has been due to: (i) a shift toward early sowing dates, which allows growing two summer crops per year, and (ii) introduction of soybean in lowland areas typically used for growing irrigated rice (Oryza sativa L.) (Zanon et al., 2015b) . Despite a continuous increase in average on-farm soybean yield during recent years, there is still a large gap between yields measured in research station experiments or yield-contest-winning fi elds (5.5-6.9 Mg ha -1 ) and the current average farm yield (2.5 Mg ha -1 ) (Battisti et al., 2013) .
Yield potential (Y p ) is the yield attained by a crop grown without limitations from water, nutrients, and biotic stresses (weeds, insects, and disease) (Evans, 1993; van Ittersum and Rabbinge, 1997) . Th erefore, the crop growth rate depends on solar radiation, temperature, atmospheric CO 2 , and genetic traits that determine light capture, conversion into biomass, and partitioning into the harvestable organ. In rainfed crops, the crop growth rate is also limited by water availability, hence the water-limited yield potential (Y w ) is also determined by the water supply amount and distribution and soil and terrain characteristics that infl uence crop water availability such as soil texture, soil depth, and fi eld slope (van Ittersum et al., 2013) . Previous studies assessing biophysical and management factors governing geospatial and temporal variation in soybean Y p and Y w have mostly focused on temperate agroecosystems (Calviño and Sadras, 1999; Sinclair et al., 2007) . In contrast, there is lack of information on the drivers of soybean Y p and Y w in subtropical environments, where a wide range of cultivar maturity groups (MG, which denotes a given maturity group zonal latitude region, where a given cultivar is most likely to be best adapted) can be sown across a wide sowing window, as is the case for soybean cropping systems in southern Brazil. While previous studies on
Climate and Management Factors Infl uence Soybean Yield
Potential in a Subtropical Environment Alencar Junior Zanon,* Nereu Augusto Streck, and Patricio Grassini soybean in Brazil have highlighted the role of water supply as the major yield-limiting factor (Battisti et al., 2013; Sentelhas et al., 2015) , little is known about the influence of other climatic factors and their interaction with management practices (e.g., sowing date and MG) at determining soybean yield potential.
To fill the lack of information about soybean yield potential in subtropical environments, we used a large data set that included experiments conducted during four growing seasons (2011) (2012) (2013) (2014) (2015) at research stations and on-farm sites in RS that portray a wide range of weather conditions and management practices in southern Brazil. The objective of this study was to identify key biophysical and management factors governing variations in soybean Y p and Y w .
MATERIALS AND METHODS

Biophysical Context in Southern Brazil
The climate of the region is subtropical humid. Annual patterns of solar radiation, minimum and maximum temperature (T min and T max , respectively), rainfall, and total grass-based reference evapotranspiration (ET o ) for three locations in RS (Passo Fundo, Santa Maria, and Pelotas) are shown in Fig. 1 . These three locations portray well the spatial variation in climate across the soybean production region in RS. Despite the relatively high rainfall amount, an erratic temporal distribution of rainfall, together with a high ET o during the summer months, causes temporary water stress episodes that affect crop yield in an important number of years (Ferreira and Rao, 2011) . Water stress is more frequent and more intense in the southern and western regions of RS. The beginning of pod setting (R3) typically occurs at the end of December and early January and seed filling (R5-R7) occurs during late January and February (Fig. 1) . Reproductive stages, hence, coincide with the peak in solar radiation, temperature, and maximum crop water requirements, although this can be highly variable depending on the field-specific sowing date and cultivar MG. The probability of a crop water deficit also depends on the soil type: coarse-textured soils are dominant in southern RS (only approximately 6% clay), while heavy-textured soils prevail in the central and northern regions of RS (?70% clay).
Database Description
We used a large database collected from a total of 45 experiments conducted at research stations and producer fields during four crop growing seasons (2011/2012, 2012/2013, 2013/2014, and 2014/2015) in 12 locations in RS, Brazil ( Fig. 2 Crops were managed following recommended practices for soybean in southern Brazil. Briefly, seeds were inoculated, nutrients were applied according to soil tests for maximum yields, and weeds, pathogens, and insect pests were prophylactically controlled to keep crops free of biotic stresses. Phenology was tracked in all treatments following Fehr et al. (1971) . 1 Yield samples were collected at R8 from a 4-m 2 area located in the center of the blocks. Data on soybean seed yield were reported on a 13% seed moisture basis. More details about the experiments can be found in Richter et al. (2014) and Zanon et al. (2015a Zanon et al. ( , 2015b . Daily weather data, including solar radiation, T min , T max , relative humidity, and precipitation were collected on-site or from nearby weather stations. The ET o was calculated using the Penman-Monteith method. The photothermal quotient (Q, MJ m -2 d -1 °C -1 ) was calculated as the ratio between incident solar radiation and average temperature (after subtracting the base temperature, T b ). Briefly, Q integrates the effects of solar radiation and temperature on crop growth and development during critical stages for yield determination (Fischer, 1985) . For the calculation of Q, T b was assumed to be 7.6 and 0°C of the vegetative and reproductive stages, respectively (Setiyono et al., 2007) . Table 2 Table 2) .
Derivation of a Boundary Function for the Relationship between Soybean
Yield and Water Availability Different approaches can be used to estimate Y p and Y w , including crop simulation models and boundary functions relating crop yields with resource availability (van Ittersum et al., 2013) . In the present study, a boundary function was fitted for the relationship between soybean yield and seasonal water supply (WS). The WS was calculated for each experiment as the sum of (i) available soil water at sowing (ASWs) in the upper 1.5-m soil profile for 1 VE: emergence; R1: blooming, one open flower at any node on the main stem; R3: beginning pod, pod 5 mm long at one of the four uppermost nodes on the main stem with a fully developed leaf; R5: beginning seed, seed 3 mm long in a pod at one of the four uppermost nodes on the main stem with a fully developed leaf; R7: physiological maturity, one normal pod on the main stem that has reached its mature pod color; R8: 95% of pods have reached their mature pod color. soils without physical or chemical constraints to root growth, and (ii) in-season precipitation plus irrigation (i.e., sowing-R7). Soil depth was reduced at locations exhibiting constraints to root growth (e.g., bedrock, acidity). The ASWs was assumed to be equal to ?75% of the plant-available water holding capacity, the latter estimated based on soil texture and depth and water balance during the non-growing season (Reichert et al., 2009 ). An exponential-type function was fitted to the maximum yields across the range of WS:
where x is the seasonal water supply (mm) and a, b, and c are parameters of the equation model. This equation can be used to derive parameters that have a biological meaning. For example, the x intercept represents the minimum WS (?180 mm) required to produce a minimum amount of grain biomass as well as unavoidable water losses through soil evaporation. Likewise, when the function levels off (i.e., yield does not respond to increasing WS), yield can be considered to not be water limited. The level of WS at which the boundary functions leveled off (?800 mm) was used in the present study to group site-years into two categories: water-limited (WL) and non-water-limited (NWL) site-years. The derivative of the boundary function for a given WS value represents the attainable water productivity (WP A ; kg grain ha -1 mm -1 ). An average value of WP A was estimated based on the maximum and minimum yield values predicted by the boundary function (0 and 6.0 Mg ha -1 , respectively) across the range of WS in which Y w was responsive to increasing water availability (180-800 mm). A similar boundary-function approach was followed to investigate the relationship between Y p and sowing date, but a linear-plateau model was fitted to the maximum yields across the range of sowing dates:
where x is the number of days after 20 September (which coincides roughly with the earliest sowing in the region), Y o is the yield (Mg ha -1 ) before the breakpoint date (X o , d), and b is the yield penalty related to the sowing delay after the breakpoint date (Mg ha -1 d -1 ).
Explanatory Factors for Variation in Yield Potential and Water-Limited Yield Potential
Several approaches were followed to identify explanatory causes for variations in Y w and Y p across site-years. Correlation analysis was used as a first step to identify the relationships between yield and climate and management factors (WS, sowing date, MG, Q, ASWs, and precipitation). Residuals from the boundary functions (i.e., the difference between a given field yield relative to the value estimated from the boundary function) were calculated to assess the impact of MG and other management factors on Y w and Y p . In the case of the boundary function for the relationship between yield and water supply, site-years were first classified as WL (WS < 800 mm) and NWL (WS ³ 800 mm). Subsequently, the fields in each of these two categories were classified as "small residuals" and "large residuals" based on the upper and lower terciles of the residuals distribution for the NWL and Table 1 . Experiments with soybean conducted during four growing seasons (2011/2012, 2012/2013, 2013/2014, and 2014/2015) WL categories. This classification resulted in four categories: (i) WL, small residuals, (ii) WL, large residuals, (iii) NWL, small residuals, and (iv) NWL, large residuals. Means differences for the different parameters (e.g., sowing date, MG, Q, precipitation, etc.) between large-vs. small-residual yields were evaluated for significance using t-tests, separately for the WL and NWL categories (Table 3) . Finally, linear regression was used to investigate the relationship between yield and Q during different crop stages (VE-R7, VE-R1, R1-R7, R3-R7, R3-R5, and R5-R7).
RESULTS AND DISCUSSION
Boundary Function for Water Productivity and
Variation in Soybean Water-limited Yields Measured soybean yields ranged from 0.3 to 6.0 Mg ha -1 across cultivars, years, sowing dates, and locations. The distribution of yield-WS data values in Fig. 3 suggested that maximum yields were not responsive to WS ³ 800 mm, hence this value of WS was used to distinguish between WL and NWL crops. The estimated Y p of approximately 6.0 Mg ha -1 compares well with the range of Y p reported by Battisti et al. (2013) and Sentelhas et al. (2015) for soybean in southern Brazil (4.9-6.9 Mg ha -1 ) calculated based on the FAO Agroecological Zone crop yield model (Kassam, 1977) .
A boundary function with x intercept = 183 mm was derived from the relationship between yields and WS (Fig. 3) . The x-intercept value represents unavoidable water losses through soil evaporation but might also include the crop transpiration needed to generate an amount of vegetative biomass that can support the growth of reproductive organs. The value of the x intercept derived in the present study is higher than the value reported in previous studies for maize (Zea mays L.), wheat (Triticum aestivum L.), and sunflower (Helianthus annuus L.) (Sadras and Angus, 2006; Grassini et al., 2009) and also soybean in the US Corn Belt (Grassini et al., 2015) . One reason for such a difference is the high evaporative demand during early vegetative stages when the canopy cover is still incomplete for soybean grown in southern Brazil, which, together with the high rainfall amounts during the same period, lead to high soil evaporation rates (Fig. 1) . Likewise, the intensity of rainfall events in tropical environments is typically higher than in temperate climates, leading to unavoidable losses through surface runoff and deep percolation. The estimated WP A was 9.1 kg ha -1 mm -1 , calculated from the first derivative of the boundary function across the range of WS in which yield was responsive to increasing water availability (180-800 mm). The estimated soybean WP A was within the range of reported values for other legume and oilseed crops ranging from 7 to 13 kg ha -1 mm -1 (Connor et al., 2011) and remarkably similar to the WP A of 9.9 kg ha -1 mm -1 derived for field-grown soybean in the temperate western US Corn Belt by Grassini et al. (2015) .
Based on the 800-mm threshold, it can be inferred that about 75% of the cultivar-site-year cases were water limited. This finding indicated that, in most site-years, the WS was not sufficient to fully satisfy the crop water requirement to achieve Y p . Similarly, Calviño and Sadras (1999) indicated that water availability was limiting on-farm yield in 54% of the years in the Argentinean Pampas. It was remarkable, however, that most of the WL and NWL crops in the present study were well below the boundary line; the experiments received nearoptimal management relative to nutrient supply and control of biotic stresses. Purcell and Specht (2004) indicated that not only the total amount but also the distribution of water supply during the growing season could explain differences in waterlimited soybean yields. In the present study, we found that WL crops near the boundary functions exhibited (i) a higher ASWs Table 2 . Mean incident solar radiation, maximum (T max ) and minimum air temperature (T min ), photothermal quotient (Q), relative humidity (RH), total precipitation, and total grass-based Penman-Monteith reference evapotranspiration (ET o ) during the 2-mo period (January-February) that coincides roughly with the reproductive phase of soybean crops grown in the state of Rio Grande do Sul (RS), Brazil. Values are shown for four crop growing seasons (2011/2012, 2012/2013, 2013/2014, and 2014/2015) at three locations: Pelotas (southern RS), Santa Maria (central RS), and Passo Fundo (northern RS). and (ii) a higher proportion of total in-season precipitation occurring during reproductive stages relative to WL crops far from the boundary functions (Table 3) . Besides the influence of soil water content and erratic distribution of rainfall during the growing season, sowing date seems to play a key role at explaining "gaps" in the WL field category relative to the boundary function (Table 3) . Fields approaching the boundary function were sown, on average, 24 d earlier than fields departing substantially from the boundary. The benefit of early sowing on soybean Y w seems to be associated with a better distribution of the WS during the growing season, with a higher proportion of the total precipitation occurring during key stages for yield determination. In the case of NWL crops, sowing date and Q played an important part at explaining yield variation, but ASWs was also remarkably higher in crops approaching the boundary function (Table 3 ). In short, early sowing and soil water status at sowing were strong predictors of soybean yields, and these two parameters can be used to inform and reduce the risk associated with crop management decisions, such as nutrient fertilizer applications.
Crop season
Solar radiation T max T min Q RH Precipitation ET o MJ m -2 d -1 ----°C ----MJ m -2 d -1 °C -1 % ----mm ---- Northern
Influence of Sowing Date and Maturity
Group on Soybean Yield Potential Besides water availability, sowing date was the most important management factor determining the soybean yield potential. Taking the maximum yields across the range of sowing dates as a proxy for Y p , we observed a penalty of 26 kg ha -1 for each day of delay in sowing after 4 November, which is equivalent to 0.5% d -1 (Fig. 4) . In the southern Pampas of Argentina, the average rate of yield decline with delayed sowing was about 2% d -1 from mid-December until early January (Calviño et al., 2003) . The yield penalty was greater in Argentina probably because of the shorter growing season.
While sowing date delay negatively impacted both rainfed and irrigated yields ( Fig. 4; Table 3 ), the biophysical factors governing the yield response to sowing date were different for each water regime. The yield penalty associated with late sowing in rainfed soybean in RS was related to a high probability of yield loss due to a water deficit during the reproductive soybean stage: 86% of the late-sown crops (i.e., after 4 November) exhibited WS < 800 mm, while 45% of the early-sown crops were limited by WS. However, the yield penalty was also evident for irrigated soybean crops, where water was not limiting, and this penalty was associated with differences in Q during critical Table 3 . Means of several crop, management, and climatic factors in water-limited (water supply <800 mm) and non-water-limited (water supply ³800 mm) field classes with low residuals and high residuals (i.e., difference between actual yield and the yield derived from the boundary function for the relationship between yield and water supply). Significance of difference (dif) between means of variables in the small-vs. large-residual field classes was tested separately for the water-limited and non-water-limited categories using t-tests. stages for yield determination (Fig. 5) . The value of Q during R3 to R7 had higher explanatory power (r 2 = 0.64) relative to other development stages: VE to R7 (r 2 = 0.61), VE to R1 (r 2 = 0.42), R1 to R7 (r 2 = 0.63), and R3 to R5 (r 2 = 0.55). The value of Q decreased linearly with sowing date delay, and Q was higher in early vs. late cultivar MGs at early sowing dates, while there was no difference for late sowing ( Fig. 5 ; Table 4 ). Remarkably, the relationship was highly significant for irrigated crops (r 2 = 0.64, P < 0.001) but not for rainfed crops (P = 0.96), highlighting the crucial role of water supply in rainfed crop yields. Similar relationships between non-water-limited yields and Q during key crop stages for yield determination have been reported for wheat (Fischer, 1985; Magrín et al., 1993; Abbate et al., 1997; Caviglia et al., 2011) , rice (Islam and Morison, 1992) , pea (Pisum sativum L.; Poggio et al., 2005) , and chickpea (Cicer arietinum L.; Sadras et al., 2015) . To our knowledge, this is the first study reporting a relationship between yield and Q for soybean. Interestingly, for early-sown NWL crops, short (MG 4.8-5.4) and intermediate ) cultivar MGs yielded more than the traditional long MGs (MG 7.0-8.2) sown in RS (P < 0.04), and this difference was explained by differences in Q during key reproductive stages for yield determination ( Fig. 5 ; Table 4 ). The boundary functions derived from the relationships between soybean yield and seasonal water supply and sowing date can be used by producers in southern Brazil to benchmark their current productivity. By comparing the actual yield, for a given WS or sowing date, against the predicted yield by the boundary function for the same WS or sowing date, farmers can get a robust measure of the current yield gap (van Ittersum et al., 2013) . Likewise, the information reported here can be used to fine-tune current management of soybean crops in southern Brazil. With proper characterization of the phenology of soybean cultivars currently used by farmers (Zanon et al., 2015b) , measurement of the water status at sowing, and the aid of crop simulation models (Setiyono et al., 2010) , it would be possible to develop decision-aid tools to recommend sowing date and MGs to match reproductive stages with the highest Q and, hence, maximize the odds of reaching the yield potential while minimizing the probability of a water deficit. Results from this study indicate that a combination of short and intermediate MG with early sowing dates seems to increase soybean Y p and Y w in the subtropical environment of southern Brazil. Indeed, among the many recent changes occurring in soybean production systems in this region, one of the most important is the gradual shift toward early sowing dates and shorter cultivar MGs (Zanon et al., 2015b) . With an earlier sowing date and shorter MG, it may be possible to increase the cropping intensity and grow two summer crops on the same piece of land within a 12-mo period.
CONCLUSIONS
Soybean yield potential ranged from 2.8 to 6.0 Mg ha -1 in the subtropical environment of southern Brazil, depending on seasonal water supply and the photothermal quotient during reproductive stages. Water supply amount and distribution imposed an upper limit to productivity, and the attainable water productivity was 9.1 kg seed ha -1 mm -1 . There was a yield penalty associated with late sowing dates in both rainfed and irrigated crops, but the underpinning biophysical factors explaining such penalty were different between the two water regimes. Sowing date and cultivar maturity group governed variation in non-water-limited yield potential through changes in the photothermal quotient during reproductive stages, while, in the case of rainfed crops, yield penalty with late sowing is due to an increasing risk of a water deficit. Table 4 . Predicted yield and photothermal quotient (Q) between R3 and R7 for short (maturity group [MG] 4.7-5.4), intermediate , and long (MG 7.0-8.2) season cultivars sown on four different dates. Values were estimated based on the fitted regression models shown in Fig. 5 
